Introduction translation, and other important metabolic processes. The major genes involved in such events are AccD 3 0 1
(acetyl-coenzyme A carboxylase carboxyl transferase), AtpA, AtpB, AtpE, AtpF, AtpH, AtpI, CcsA 3 0 2
(cytochrome C biogenesis protein), CemA (chloroplast envelope membrane), ChlB (light independent 3 0 3 protochlorophyllide reductase), ChlL, ChlN, ClpP (ATP-dependent Clp protease), MatK (maturase K), 3 0 4
NdhA (NADPH-quinone oxidoreductase), NdhB, NdhC, NdhD, NdhE, NdhF, NdhG, NdhH, NdhI, NdhJ, 3 0 5
NdhK, Pbf1 (photosystem biogenesis factor 1), PetA (cytochrome precursor), PetB, PetD, PetG, PetL, 3 0 6
PetN, PsaA (photosystem I protein), PsaB, PsaC, PsaI, PsaJ, PsaM, Psb30, PsbA (photosystem II 3 0 7 protein), PsbB, PsbC, PsbD, PsbE, PsbF, PsbH, PsbI, PsbJ, PsbK, PsbL, PsbM, PsbT, PsbZ, rbcL 3 0 8
(ribulose 1,5-biphosphate carboxylase), Rpl2 (60S ribosomal protein), Rpl14, Rpl16, Rpl20, Rpl21, 3 0 9
Rpl22, Rpl23, Rpl32, Rpl33, Rpl36, RpoA (DNA directed RNA polymerase), RpoB, RpoC1, RpoC2, 3 1 0
Rps2 (40S ribosomal protein), Rps3, Rps4, Rps7, Rps8, Rps11, Rps12, Rps14, Rps15, Rps16, Rps18, 3 1 1
Rps19, Ycf1, Ycf2, Ycf3, and Ycf4. Our analysis of 2511 chloroplast genomes revealed that a number of 3 1 2 these genes were lost in one or more species (Table 2 ). The analysis indicated that the ribosomal proteins 3 1 3
Rpl and Rpo were lost less frequently than the other chloroplast genes (Table 2) . Ndh genes were lost in a 3 1 4
number of different species. Several other genes had been deleted in a considerable number of species 3 1 5 across different lineages. These included AccD (402), AtpF (217), Clp (194) , Ycf2 (226), Ycf4 (111), 3 1 6
PetL (248), PetN (125), PsaI (129), PsbM (166), PsbZ (145), Rpl22 (137), Rpl23 (221), Rpl32 (182), 3 1 7
Rpl33 (163), Rps15 (263), and Rps16 (372), where the number in parentheses indicates the number of 3 1 8 taxa in which the gene has been deleted from the chloroplast genome (Table 2) . 3 1 9
Chloroplast genomes possess genes that encode at least six different ATP molecules, namely, AtpA, 3 2 0
AtpB, AtpE, AtpF, AtpH, and AtpI. Among the 2511 analysed chloroplast genomes, AtpA, AtpB, AtpE, 3 2 1
AtpF, AtpH, and AtpI were found to be lost in 8, 8, 12, 14, 13 , and 12 species, respectively ( Table 2,  3  2  2 Supplementary File 4). The loss of Atp genes occurred in algae, eudicots, magnoliids, and monocots, 3 2 3 while no loss of Atp genes occurred in any species of bryophytes, pteridophytes, and gymnosperms 3 2 4
(Supplementary File 4). The AccD gene in chloroplasts, which encodes the beta-carboxyl transferase 3 2 5 subunit of acetyl Co-A carboxylase (ACC) complex, was found to be lost from 387 plant species 3 2 6 (Supplementary File 4). The AccD gene was lost in taxa belonging to algae (92 species), eudicots (32 3 2 7 species), gymnosperms (7 species), magnoliids (1 species), monocots (227 species), and protists (27 3 2 8 species), while the AccD gene was found to be present in all bryophytes and pteridophytes. 3 2 9
The CcsA gene in the chloroplast genome encodes a cytochrome C biogenesis protein. CcsA genes were 3 3 0
found to be lost in at least 29 species (Table 2) . It was lost in taxa belonging to members of algae (8 3 3 1 species), bryophyte (3 species), eudicots (6 species), magnoliids (1 species), monocots (5 species), and 3 3 2 protists (6 species), while no evidence of a loss was observed in members of the pteridophytes and 3 3 3
gymnosperms. The CemA gene encodes a chloroplast envelope membrane protein and was found to be 3 3 4
lost in 29 species ( PsbD, PsbE, PsbF, PsbH, PsbI, PsbJ, PsbK, PsbL, PsbM, PsbN, PsbT, PsbZ, and Psb30) . The analysis 3 4 9
indicated that PsbA, PsbB, PsbC, PsbD, PsbE, PsbF, PsbH, PsbI, PsbJ, PsbK, PsbL, PsbM, PsbN, PsbT, 3 5 0
PsbZ, and Psb30 were lost in a variety of species. Evidence for the deletion of these genes was observed 3 5 1 as follows: PsbA was lost in 12 species (2 algae, 6 eudicots, and 4 monocots); PsbB was lost in 18 species 3 5 2
(2 algae, 11 eudicots, 1 magnoliid, and 4 monocots); PsbC was lost in 16 species (2 algae, 7 eudicots, 1 3 5 3 magnoliid, and 6 monocots); PsbD was lost in 17 species (2 algae, 9 eudicots, 1 magnoliid, and 5 3 5 4 monocots); PsbE and PsbF were lost in 21 species (2 algae, 12 eudicots, 1 magnoliid, and 6 monocots in 3 5 5
both cases); PsbH was lost in 20 species (2 algae, 14 eudicots, 1 magnoliid and 3 monocots); PsbI was 3 5 6 lost in 18 species (3 algae, 10 eudicots, and 5 monocots); PsbJ was lost in 21 species (2 algae, 12 3 5 7 eudicots, 1 magnoliid, 6 monocots); PsbK was lost in 13 species (2 algae, 5 eudicots, and 6 monocots); 3 5 8
PsbL was lost in 22 species (2 algae, 12 eudicots, 1 magnoliid, 6 monocots, and 1 protist); PsbM was lost 3 5 9
in 158 species (115 algae, 9 eudicots, 6 monocots, and 27 protists); PsbN was lost in 22 species (2 algae, 3 6 0 14 eudicots, 1 magnoliid, and 5 monocots); PsbT was lost in 23 species (3 algae, 14 eudicots, and 6 3 6 1 monocots); and PsbZ was lost in 31 species (14 algae, 7 eudicots, 1 magnoliid, 4 monocots, and 5 3 6 2 protists) (Supplementary File 4). 3 6 3
The Ndh gene encodes a NAD(P)H-quinone oxidoreductase that shuttles electrons from plastoquinone to 3 6 4 quinone in the photosynthetic chain reaction. The analysis indicated that the chloroplast genome encodes 3 6 5
at least 11 Ndh genes, NdhA, NdhB, NdhC, NdhD, NdhE, NdhF, NdhG, NdhH, NdhI, NdhJ, and NdhK 3 6 6 ( Table 2) . Evidence for the deletion of these genes was observed as follows: NdhA was lost in: 339 3 6 7 species (207 algae, 1 bryophyte, 35 eudicots, 37 gymnosperms, 2 magnoliids, 27 monocots, 28 protists, 3 6 8 and 2 pteridophytes); NdhB was lost in 258 species (211 algae, 5 eudicots, 7 gymnosperms, 1 magnoliid, 3 6 9
3 monocots, 29 protists, and 2 pteridophytes); NdhC was lost in 339 species (212 algae, 38 eudicots, 7 3 7 0 gymnosperms, 2 magnoliids, 49 monocots, 29 protists, and 2 pteridophytes); NdhD was lost in 293 3 7 1 species (214 algae, 28 eudicots, 9 gymnosperms, 1 magnoliid, 9 monocots, 30 protists, and 2 3 7 2 pteridophytes); NdhE was lost in 322 species (218 algae, 30 eudicots, 19 gymnosperms, 1 magnoliid, 20 3 7 3 monocots, 30 protists, 4 pteridophytes); NdhF was lost in 346 species (207 algae, 37 eudicots, 37 3 7 4 gymnosperms, 1 magnoliid, 33 monocots, 30 protists, and 2 pteridophytes); NdhG was lost in 335 species 3 7 5
(213 algae, 1 bryophyte, 35 eudicots, 37 gymnosperms, 2 magnoliids, 16 monocots, 30 protists, and 1 3 7 6 pteridophyte); NdhH was lost in 322 species (213 algae, 1 bryophyte, 34 eudicots, 15 gymnosperms, 1 3 7 7 magnoliid, 26 monocots, 30 protists, and 2 pteridophytes); NdhI was lost in 378 species (213 algae, 1 3 7 8
bryophyte, 43 eudicots, 37 gymnosperms, 2 magnoliids, 50 monocots, 30 protists, and 2 pteridophytes); 3 7 9
NdhJ was lost in 340 species (215 algae, 40 eudicots, 37 gymnosperms, 2 magnoliids, 15 monocots, 30 3 8 0
protists, and 2 pteridophytes); and NdhK was lost in 331 species (204 algae, 1 bryophyte, 39 eudicots, 7 3 8 1 gymnosperms, 2 magnoliids, 46 monocots, 30 protists, and 2 pteridophytes) (Supplementary File 4). The 3 8 2 loss of Ndh genes was found to occur in members of algae, bryophytes, pteridophytes, gymnosperms, 3 8 3 monocots, eudicots, magnoliids, and protists. 3 8 4
The chloroplast genome encodes PetA (cytochrome f precursor), PetB (cytochrome b6), PetD 3 8 5
(cytochrome b6-f complex subunit 4), PetG (cytochrome b6-f complex subunit 5), PetL (cytochrome b6-f 3 8 6 complex subunit 6), and PetN (cytochrome b6-f complex subunit 8). genes. Evidence for deletion of these 3 8 7
genes was observed as follows: PetA was lost in 33 species (8 algae, 10 eudicot, 1 magnoliid, 6 3 8 8 monocots, and 8 protists); PetB was lost in 15 species (2 algae, 8 eudicots, 1 magnoliid, and 4 monocots); 3 8 9
PetD was lost in 36 species (7 algae, 13 eudicots, 1 magnoliid, 6 monocots, and 9 protists); PetL was lost 3 9 0
in 71 species (39 algae, 11 eudicots, 1 magnoliid, 4 monocots, and 16 protists); and PetN gene was lost 3 9 1 in135 species (106 algae, 5 bryophytes, 11 eudicots, 1 magnoliid, 6 monocots, and 6 protists) 3 9 2
(Supplementary File 4). PetA was lost in taxa of members of algae, eudicots, magnoliids, monocots, and 3 9 3
protists, while PetA was found to be present in bryophytes, pteridophytes, and gymnosperms. PetB gene 3 9 4
was found to be lost in taxa of members of algae, eudicots, magnoliids, and monocots, while it was found 3 9 5
to be present in bryophytes, pteridophytes, and gymnosperms (Supplementary File 4). PetD was found to 3 9 6 be lost in taxa of members of algae, eudicots, magnoliids, monocots, and protists, while it was found to 3 9 7 be intact in bryophytes, pteridophytes, and gymnosperms. PetL was found to be lost in taxa of members 3 9 8 of algae, eudicots, magnoliids, monocots, and protists, while it was found to be intact in bryophytes, 3 9 9
pteridophytes, and gymnosperms. PetN genes were found to be lost in taxa of members of algae, 4 0 0 bryophytes, eudicots, magnoliids, monocots, and protists, while it was intact in pteridophytes and 4 0 1 gymnosperms. 4 0 2
The chloroplast genome encodes at least nine Rpl genes, Rpl2, Rpl14, Rpl16, Rpl20, Rpl22, Rpl23, Rpl32, 4 0 3
Rpl33, and Rpl36 ( Table 2) . Deletion of these genes was found in taxa of different lineages (Table 2) . 4 0 4
Rpl2 was lost in two species (1 eudicot and 1 magnoliid). Rpl14 was lost in four species (2 algae, 1 4 0 5 eudicot, and 1 magnoliid). Rpl16 was lost in three species (2 algae and 1 magnoliid). Rpl22 was lost in 4 0 6
127 species (107 algae, 12 eudicots, 3 magnoliids, 2 monocots, and 3 protists). Rpl32 was lost in 114 4 0 7 species (21 algae, 73 eudicots, 5 gymnosperms, 1 magnoliid, 6 monocots, 8 protists). Rpl33 was lost in 4 0 8
133 species (111 algae, 7 eudicots, 1 magnoliid, 4 monocots, and 10 protists). Rpl23 was lost in 24 4 0 9
species (8 algae, 4 eudicots, 6 gymnosperms, 1 magnoliid, and 5 monocots) ( Supplementary File 4) .
The chloroplast genome encodes 12 Rps genes, Rps2, Rps3, Rps4, Rps7, Rps8, Rps11, Rps12, Rps14, 4 1 1
Rps15, Rps16, Rps18, and Rps19 (Table) . Our analysis indicated that different Rps genes were lost from a 4 1 2 variety of species (Supplementary Table) . Specifically, Rps2 was lost in three species (1 algae, 1 eudicot, 4 1 3 and 1 magnoliid); Rps3 was lost in three species (2 algae and 1 magnoliid); Rps4 was lost in four species 4 1 4
(3 algae and 1 magnoliid); Rps7 was lost in three species (1 algae, 1 gymnosperm, and 1 magnoliid); 4 1 5
Rps8 was lost in three species (1 eudicot, 1 magnoliid, and 1 protist); Rps11 was lost in two species (1 4 1 6 eudicot and 1 magnoliid) and Rps12 was lost in two species (1 algae and 1 magnoliid). The chloroplast 4 1 7
genome encodes four Rpo genes, RpoA, RpoB, RpoC1 and RpoC2 (Table 2) . RpoA and RpoC1 encode for 4 1 8
the alpha-subunit and RpoB and RpoC2 encode the beta-subunit of DNA-dependent RNA polymerase. 4 1 9
The analysis revealed the loss of RpoA, RpoB, RpoC1, and RpoC2 genes from the chloroplast genome of 4 2 0 several taxa (Supplementary File 4). Specifically, RpoA1 was lost in 26 species (5 algae, 6 bryophytes, 7 4 2 1 eudicots, 1 magnoliid, 4 monocots, and 3 protists); RpoB was lost in 19 species (1 algae, 14 eudicots, 1 4 2 2 magnoliid, and 3 monocots); RpoC1 was lost in 21 species (15 eudicots, 1 magnoliid, 5 monocots) and 4 2 3
RpoC2 was lost in 13 species (1 algae, 7 eudicots, 1 magnoliid, and 4 monocots). The loss of RpoA 4 2 4 occurred across diverse lineages including algae, bryophytes, eudicots, magnoliids, monocots, and 4 2 5
protists. Additionally, RpoB was lost in algae, eudicots, magnoliids, and monocots; RpoC1 was lost in 4 2 6 eudicots, magnoliids, and monocots and RpoC2 was lost in eudicots, magnoliids, and monocots 4 2 7
(Supplementary File 4). 4 2 8
The majority of chloroplast genomes encode four Ycf genes, Ycf1, Ycf2, Ycf3, and Ycf4. Our analysis 4 2 9
indicated a dynamic loss of Ycf genes from the chloroplast genome of a variety of taxa (Supplementary 4 3 0
File 4). Ycf1 was lost in 161 species (125 algae, 4 eudicots, 1 magnoliid, 3 monocots, and 28 protists), 4 3 1
Ycf2 was lost in 219 species (185 algae, 1 eudicot and magnoliid each, 2 monocots, and 30 protists). Ycf3 4 3 2 was lost in 30 species (7 algae, 7 eudicots, 1 magnoliid, 6 monocots, and 9 protists). Ycf4 was lost in 39 4 3 3 species (6 algae, 24 eudicots, 1 magnoliid, 5 monocots, and 3 protists). Although researchers have yet to 4 3 4 elucidate the function of Ycf genes, Ycf3 and Ycf4 have been reported to be a photosystem I assembly 4 3 5
factor. The loss of Ycf1 and Ycf2 genes was more prominent in algae and the loss of Ycf1 and Ycf2 genes 4 3 6
were not found in bryophytes, pteridophytes, and gymnosperms. The loss of Ycf4 was most prominent in 4 3 7 eudicots and the loss of Ycf3 and Ycf4 was not observed in bryophytes, pteridophytes, and gymnosperms 4 3 8
( Supplementary File 4) . 4 3 9
The loss of genes in chloroplast genomes is dynamic
When the collection of all the lost genes were grouped, it was evident that a large number of genes had 4 4 1 been found to lost in algae, eudicots, magnoliids, and monocots ( Supplementary Table 1 PsaB, PsaC, PsaI, PsbA, PsbB, PsbC, PsbD, PsbE, PsbF, PsbH, PsbJ, PsbL, PsbZ, Psbf1, Rpl22, Rpl33, 4 4 7 RpoB, and RpoC2 had been lost in algae, eudicots, magnoliids, and monocots ( Supplementary Figure 16 , 4 4 8 Supplementary Table 1) . AccD, NdhB, PsaJ, Rpl23, and Rpl32 genes were only absent in species of 4 4 9
algae, eudicots, gymnosperms, magnoliids, and monocots. When species of algae, bryophytes, 4 5 0 gymnosperms, angiosperms (monocot and dicot), pteridophytes, and protists were grouped together, at 4 5 1 least 11 genes were found to be lost in all of the lineages ( Supplementary Table 1 , Supplementary Figure  4  5  2 17). The most common lost genes were NdhA, NdhC, NdhD, NdhE, NdhF, NdhG, NdhH, NdhI, NdhJ, 4 5 3
NdhK, and Rps16. The NdhB gene, however, was lost in algae, angiosperms, gymnosperms, protists, and 4 5 4
pteridophytes; while it was present in all species of bryophytes. When the higher groupings of plant 4 5 5
lineages (gymnosperms, magnoliids, and monocots) were grouped together, it was found that AccD, 4 5 6
NdhA, NdhB, NdhC, NdhD, NdhE, NdhF, NdhG, NdhH, NdhI, NdhJ, NdhK, PsaJ, Rpl23 , and Rpl32 had 4 5 7
been lost in all four lineages ( Supplementary Figure 18 , Supplementary Table 1) . AtpB, AtpE, AtpH, AtpI, 4 5 8
CcsA, CemA, PetA, PetB, PetD, PetG, PetL, PetN, PsaA, PsaB, PsaC, PsaI, PsbA, PsbB, PsbC, PsbD, 4 5 9 PsbE, PsbF, PsbH, PsbJ, PsbL, PsbZ, Psbf1, Rpl22, Rpl33, RpoB, RpoC1, RpoC2 , and Rps19 were found 4 6 0
to be lost in eudicots, magnoliids, and monocots. ClpP was found to be lost in eudicots, gymnosperms, 4 6 1 and magnoliids. A comparative analysis of gene loss in eudicot and monocot plants revealed that gene 4 6 2 loss was more frequent in eudicots (69 genes) than in monocots (59 genes psaJ, rpl23, rpl32, rps15, and rps16) were found to be common in between eudicots, gymnosperms, and 4 6 9
monocots. 4 7 0
Chloroplast-derived genes are present in the nuclear genome 4 7 1
It has been speculated that genes lost from chloroplast genomes may have moved to the nuclear genome 4 7 2
and are regulated as a nuclear-encoded gene. Therefore, a genome-wide analysis of fully sequenced and 4 7 3
annotated genomes of 145 plant species was analysed to explore this question. Results indicated the 4 7 4
presence of almost all of the chloroplast encoding genes in the nuclear genome. Some of the chloroplast-4 7 5
derived genes that were found in the nuclear genome were: Rubisco accumulation factor, 30S ribosomal 4 7 6
30S ribosomal proteins (1, 2, 3, S1, S2, S3, S5, S6, S7, S8, S9, S10, S11, S12, S13, S14, S15, S16, S17, 4 7 7 S18, S19, S20, S21, and S31) 50S ribosomal proteins (5, 6, L1, L2, L3, L4, L5, L6, L9, L10, L11, L12, protein (1, 2, 3, 4, 6, 7, 8, 13, 15, 16, 21, 24, 26, 29, 36, 37, 40, 50, 80 chelatase, MATE efflux family protein, multiple organellar RNA editing factor, N-(5'-5 0 4 phosphoribosyl)anthranilate isomerase, NAD Kinase, NAD(P)H-quinone oxidoreductase subunits (1, 2, 5 0 5 3, 4, 5, 6, H, I, J, K, L, M, N, O, S, T, and U), NADH dehydrogenase subunits (1, 2, 3, 4, 5, 6, 7 , I, J, and 5 0 6 K), NADH-plastoquinone oxidoreductase subunits (1, 2, 3, 4, 5, 6, 7 , I, J, and K), NADPH-dependent 5 0 7
aldehyde reductase, nifU protein, nudix hydrolases, outer envelope pore proteins, oxygen-evolving 5 0 8 enhancer proteins, pentatricopeptide repeat-containing protein (CRP1, DOT4, DWY1, ELI1, MRL1, 5 0 9
OTP51, PPR5), peptide chain release factor, peptide methionine sulfoxide reductase, peptidyl-prolyl cis-5 1 0 trans isomerases , Pet (A, B, G, and L) thylakoid luminal proteins, translation initiation factor, transcription factor GTE3, transcription 5 1 6
termination factor MTERF, translocase of chloroplast, zinc metalloprotease EGY, and others 5 1 7
(Supplementary File 5). 5 1 8
The ratio of nucleotide substitution is highest in Pteridophytes and lowest in Nymphaeales
Determining the rate of nucleotide substitution in the chloroplast genome is an important parameter that 5 2 0 needs to be more precisely understood to further elucidate the evolution of the chloroplast genome. 5 2 1
Single base substitutions, and insertion and deletion (indels) events play an important role in shaping the 5 2 2 genome. Therefore, an analysis was conducted to determine the rate of substitution in the chloroplast 5 2 3 genome by grouping them according to their respective lineages. Results indicated that the 5 2 4
transition/transversion substitution ratio was highest in pteridophytes (k1 = 4.798 and k2 = 4.043) and 5 2 5
lowest in Nymphaeales (k1 = 2.799 and k2 = 2.713) (Supplementary Table 2 ). The ratio of nucleotide 5 2 6
substitution in species with deleted IR regions was 2.951 (k1) and 3.42 (k2) ( Supplementary Table 2 ). 5 2 7
The rate of transition of A > G substitution was highest in pteridophytes (15.08) and lowest in protists 5 2 8
(8.51) and the rate of G > A substitution was highest in protists (22.15) and lowest in species with deleted 5 2 9
IR regions (16.8). The rate of substitution of T > C was highest in pteridophytes (14.01) and lowest in 5 3 0
protists (8.95) (Supplementary Table 2 ). The rate of substitution of C > T was highest in protists (22.34) 5 3 1
and lowest in Nymphaeales. The rate of transversion is two-times less frequent than the rate of transition. 5 3 2
The rate of transversion of A > T was highest in protists (6.80) and lowest in pteridophytes (4.64), while 5 3 3
the rate of transversion of T > A was highest in algae (6.98) and lowest in pteridophytes (Supplementary 5 3 4 Table 2 ). The rate of substitution of G > C was highest in Nymphaeales (4.31) and lowest in protists 5 3 5
(2.46), while the rate of substitution of C > G was highest in Nymphaeales (4.14) and lowest in protists 5 3 6
(2.64) ( Supplementary Table 2 ). Based on these results, it is concluded that the highest rates of transition 5 3 7
and transversion were more frequent in lower eukaryotic species, including algae, protists, Nymphaeales, 5 3 8 and pteridophytes; while high rates of transition/transversion were not observed in bryophytes, 5 3 9
gymnosperms, monocots, and dicots ( Supplementary Table 2 ). Notably, G > A transitions were more 5 4 0 prominent in chloroplast genomes with deleted IR regions ( Supplementary Table 2 ). 5 4 1
Chloroplast genomes have evolved from multiple common ancestors 5 4 2
A phylogenetic tree was constructed to obtain an evolutionary perspective of chloroplast genomes ( Figure  5  4  3  7) . All of the 2511 studied species were used to construct a phylogenetic tree (Figure 7) . The 5 4 4 phylogenetic analysis produced four distinct clusters, indicating that chloroplast genomes evolved 5 4 5
independently from multiple common ancestors. Lineage-specific groupings of chloroplast genomes were 5 4 6 not present in the phylogenetic tree. The genomes of algae, bryophytes, gymnosperms, eudicots, 5 4 7 magnoliids, monocots, and protists grouped dynamically in different clusters. Although the size of the 5 4 8 chloroplast genome in protists was far smaller than in other lineages, they were still distributed 5 4 9
sporadically throughout the phylogenetic tree. Time tree analysis indicated that the origin of the 5 5 0 cyanobacterial species in this study those used as out-group date back to ~2180 Ma and that the 5 5 1 endosymbiosis of the cyanobacterial genome occurred ~ 1768 Ma ago and was incorporated into the algal 5 5 2 lineage ~ 1293-686 Ma ago (Figure 8) ; which then further evolved into the Viridiplantae ~1160 Ma, 5 5 3
Streptophyta ~1150 Ma, Embryophyta ~532 Ma, Tracheophyte ~431 Ma, Euphyllophyte 402 Ma, and 5 5 4
Spermatophyta 313 Ma (Figure 8) . The molecular signature genes PsaM, ChlB, ChlL, ChlN, Psb30, and 5 5 5
Rpl21 in algae, bryophytes, pteridophytes, and gymnosperms were lost ~203 (Cycadales) and -156 5 5 6 (Gnetidae) Ma ago, and as a result, are not found in the subsequently evolved angiosperm lineage ( Figure  5  5  7 8). 5 5 8 Discussion 5 5 9
Chloroplasts are an indispensable part of plant cells which function as a semi-autonomous organelle due 5 6 0
to the presence their own genetic material, potential to self-replicate, and capability to modulate cell 5 6 1 metabolism [21] [22] [23] [24] . regions, and the higher number of CDS (172.16 per genome) in IR-deleted taxa of algae indicates that the 5 7 0
loss of IR regions in algae led to a genetic rearrangement and an enlargement in chloroplast genome size. 5 7 1
However, the average CDS number of other lineages in IR deleted genomes was quite lower than their 5 7 2 average CDS count (86.28 for protist, 63 for monocot, 81.42 for gymnosperm, and 71.88 for eudicot). 5 7 3
The average size of IR-deleted chloroplast genomes in eudicots, monocots, protists, and gymnosperms 5 7 4
was smaller than the average size of chloroplast genomes of taxa where IR regions have not been deleted. 5 7 5
Thus, the lower number of CDS in these taxa, may be related to the deletion of IR regions. This suggests 5 7 6
that the deletion of IR regions in the chloroplast genome of algae is directly proportional to the increase 5 7 7
in the genome size and concomitant increase in the CDS number; whereas, this was not true in the other 5 7 8 plant lineages where the relationship was inversely proportional. Deletion of IR regions has been 5 7 9
previously reported in a few species of algae, magnoliids, and other genomes [25] [26] [27] [28] [29] . The present study, 5 8 0 however, provided clear evidence regarding the loss of IR regions across all plant and protist lineages.
The deletion of IR repeats and increase in the genome size in algae has largely been attributed to a 5 8 2 duplication of chloroplast genome. The evolutionary age of IR-deleted species of algae dates back to 5 8 3
~965-850 Ma. This provides a strong evidence that the deletion of IR repeats and duplications of the 5 8 4
chloroplast genome has been a continuous process since the initial evolution of the chloroplast genome. 5 8 5
Zhu et al. (2015) has also suggested a role for duplication in evolution of IR-deleted chloroplast genomes 5 8 6
[28]. Characterizing the pattern and frequency of neutral mutations (substitution, insertions, and deletion) 5 8 7
is important for deciphering the molecular basis of evolution of genes and genomes. Turmel et al., (2017) 5 8 8
reported that a differential loss of genes from the chloroplast genome resulted in the loss of IR regions in 5 8 9
the chloroplast genome for all the lineages, except algae and protists [25] . The transition/transversion 5 9 0 ratio of purine substitutions in all IR-deleted species (k1=2.951) was much lower than in non-IR-deleted 5 9 1 species, except for species in the Nymphaeales, and the substitution of pyrimidines in all IR-deleted 5 9 2 species was higher (k2=3.42), except pteridophytes ( Supplementary Table 2 ). These data suggest that, in 5 9 3
addition to a duplication event, a lower rate of purine substitution and a higher rate of pyrimidine 5 9 4
substitution are closely associated with the deletion of IR regions. 5 9 5
In addition to the loss of IR regions, the loss of genes from chloroplast genomes was also analysed. The 5 9 6
loss of important genes from the chloroplast genome has been previously reported in some species of 5 9 7
green algae, bryophytes, and magnoliids, [30] [31] [32] [33] . The loss of the photosynthetic gene, RBCL, in the 5 9 8
parasitic plant, Conopholis, has also been reported. However, the RBCL gene was reported to be present 5 9 9
in other parasitic plants in the Orobanchacea [34, 35] . The results of the present study indicate the loss of Table 2 Deletion of different genes in the chloroplast genomes. Almost all of the genes have been deleted in the chloropla genome of one or another species. However, Rpl20 was found to be the most intact gene and found in all the speci studied so far. 
